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1*0 introduction 


Th* commuter airline Industry has expanded rapidly in bath numbers of 
oarriara and numbars of flight. ovar tha paat aavaral yaars, doa prinelpaUy 
to tha faderal govarnraant daragnlation of tha major oarriara in 1970. Follow- 
ln 9 datamation, tha major airllnaa shoved an understandable prafaranoa for 
continuing tha lan«ar. mora profitabla rautaa, while divastlng thama.lv.. 0 f 
tha ahortar, laaa populatad rautaa pravloualy farcad an than by tha Civil 
Aeronautics Board. Tha oommutar airlinaa hava boon picking up moat of tha 
routaa dropped . for example, in 1980 tha nmaber of oommutar paaaengora 
increased by 6% while tha number of major airline paaaengera daoraaaad. The 
number of oommutar peesenger. inoraaaad by lit In 1901 and by an .animated 18 % 
for the currant yaar. Tha and result ha. bean that more and more of tha 
9 «ar.l public ar. now expoaad to rids, on the amallar and generally 1... 
sophisticated conunuter aircraft a 

To accommodate this incraeaed markat that. ha. been an incraasad intaraat 
in amau (15-50 paa.angar), abort-haul, propeller drlvan aircraft. Thia ha. 
lead to a r.aurgano. in raaa.rch and dav.lopm.nt aimed at producing improved 
commuter aircraft (1) . Technological advance, in aerodynamic and poverplant 
af f inland.., propall.r da.ign, and noid ab.tam.nt ar. bam, examined 
• pacifically for application to commuter aircraft. Haw dealgna incorporating 
advanca. in .tract ura., ..rodynaaacs, engin.e, and propall.r. ar. curr.ntly 
being craaM by tha major doma.tio and foreign airframe and angina manu- 
facturar. ud leading educational inatltutlona. i» addition, Inman factor, 
engineering ha. been don. to improve tha ...ting comfort, reduce tha internal 
nol.. level., and lnoraaM tha carry-on luggage space - thro. commonly voiced 
criticisms of tha oommutar aircraft, in summary, effort ia being expanded 
toward making tha commuter aircraft aa affioiant and as comfortable aa tha 
major alrlinars. tknmvar, one important era. that ha. r.c.ived little racant 
attention is rid. quality or rid. smoothna... kid. quality l. . function of 

tha aircraft aarodynamics, control systam, and mission profils. Th. T 

aircraft, twcauM of it. clMr.ot.rl.tic aerodynamic design and typical mission 
profile, is a good candidate for an active Bid. 9 uallty Augmentation sy.t.m 
(Bgasl . This la particularly true because mora and mora new commuter 
paaaengera have had flight experience only on large aircraft, and ar. thus 
uncomfortable with th. aignifioantly rougher rid. of th. commuter. Bid. 
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smoothing nyatnmn am not now, with research having boon dona ovar tha pant 30 
yaam. Beaver, application, to data hav. baan limited to high apa.d, low- 
flying military aircraft auoh aa tha a-SJ, B- 1 , F-s and tha r-111. 

Itt invaatlgata tha potential nan of agas on commuter aircraft, tha Plight 
Ra anarch laboratory of tha Oniv.ralty of Kan... Cantor for Barnard,, tnc. 
(rm-KO) undar »MA apon.or.hlp undartoch a atndy to th0 .tate-of-the- 

art of R8»s, and to determine tha applicability and technical faa.iblllty of 

applying aaiatlng technology to tha daaign of a RQAS for currant and future 
commuter class aircraft* 

The remainder of this report will include i 

t. » brief dl.cua.lon of tha baaic cono.pt. and daecrlption. of Rgas. 

2. K review of paat work including ganeric analytical .tudlea, aircraft 
specific designs, and flight tested systems. 

3 . A review of advancements in related technical areas. 

4 * And finally a recommended program for the continuation of rqas 
research for conusutex aircraft# 
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a.O BASIC DEPINITIQHa AMD CONCEPTS 


ORIGINAL rr.J ' 
OF POOR QUALITY 

Thl. .action lay. th. foundation Coc th . r(wl<w ot t „. rM „ , 

ZlT^ in0ll ““’ Pr “ bl0m ***«**»• * Of th. b..ic RQAS 

.yLTuY 1 " ,0U ” 10 " 0t t,w "'* l ««“>n procedure. Th. ba.ic 

I o :: 1B bl ° 0,t *« ln «— I- m t„™ of th. h..lc 

2TT ! Pr ° bl “ d * ,lnltl °" *■ ”*®oiated ,1th th. turbulence 

; lter,,t *° d * U ' «'* «< .pproach.8 „. lnclud . a ta th . ^ 

no el, and the evaluation procedure includes the whole system. 

2.1 PROBLEM DBFTMTTTnM 

-■-rr ob3,oti '' a ot thi * * tuay *“ to deMm “ th * tochnid 

feasibility of improving th. rid. of commuter cl,.. aircraft by ... of .ctlv. 
control.. A poor rid. 1. charactarlcd .. on. .1th enough notion perturba- 

^ ”* 0 “ 00 * Pt * bl ‘ “ th « pa89.ng.ra. Th... 
perturbations, or bump., ar. r.lat.d primarily to th. v.rtlcal ,„d 

lat«.l aooalaratlons of th. aircraft. For an un.ugm.nted aircraft th... 

Z.-rr.- * , “ notlon of , ' in9 lMdin9 (H/S, ' utt due to “ 9U •* 

attach (C ) for v.rtical and aid. fore do to .idellp angl. tc , fot 

rTT T! 10 ”” “ d aUitUd - 16 * ,ir,t approximation thll 

relationship is shown by the equations below: 

pu i 

a y “ ~ ^ c yJ fe] l° a ] 


0 w /s J ‘ V 


(1) 


pu 


*8 - ~r (\1 life] [° % ] 


for a give l.v.1 of get < e> - belc.ll, a function ot .ititud.,, . lo .. r 
win, loading or higher lift or .Idoforc. .lop. .m r ..ult In a rongh.r 
rid.. A. .horn in Figur. 2, a reaction in th. ^ A/s] ratio by a factor 
of 2.1 ha. caused a full order of magnltud. r.duotl&, In th. numb.r of 1/2 

the •“ U " t * tadl “ -•«"» »*« to th. ,930.., UP 

through th. met curret wort in th. mid 1970.., i0 . . ln , losdln , hM ^ 
considered th. primary dele ch.ract.rl.tlc contrlbuUn, to poor rid. 
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Commuter aircraft normally have low wing loading, and high lift curve 
alopas due to their minimum fiald length T/o requirements. They also are 
axpoaed to high intenuity guata due to their low oruiea altitudea. Table 1, 
Current and Future Commuter Characteristics, ahows the major differencea ln 
wing loading and cruiae altitudea typical between the commuter and the Boeing 
700 aeries of commercial airlinera. The cruiae altitude ia a major factor 
becauae gust intensity increases as altitude decreases, a third charac- 
teristic difference occurs in the lift curve slope. The normally higher 
aspect ratio and unawept wing of the commuter generally leads to a higher lift 
curve slope. The swept wings of the larger airliners, although not designed 
for this reason, improve ride quality by decreasing the lift curve slope, 
while the straight wings of the typical commuter do nothing to ail- -late Ms 
problem. Finally, the commuter ride is even further Impacted by the far , ; ut 
the commuters are basically rigid aircraft. Very little of the turhu ,, , l3 
absorbed by the f lex. ng of the s true turn, thus transmit- tl;, . to 
the passengers, in summation, the commuter's low . . * Ju^ng, high lift 
curve slope, low cruise altitude, and rigidity al* contribute to a ride 
quality for the commuter which is inferior to the large airliners. A compari- 
son of an K99 (a modified Beech 99) and a Boeing 737 is shown in Figure 3. 

The 737 satisfies -5% of the passengers up to a high gust level (low 
probability of exceedance) while the M99 satisfies a smaller percentage even 
at relatively low gust levels (high probability of exceedance) . 

Based on the characteristics cited above, commuter aircraft are exellent 
candidates for a RQAS. The larger airliners have not required RQAS because 
their high wing loading, swept wings, and high cruise altitudes provide an 
already smooth ride. Private aircraft, although very definite candidates for 
ride smoothing, simply can not justify the cost. Three factors make it 
important to reexamine the feasibility of using RQAS now. First, prior to 
deregulation, only limited numbers of passengers with typically high levels of 
flying experience rode the commuters regularly. This type of passenger didn't 
•xpect the commuter to provide a very smooth ride. Deregulation changed this 
so that now more of the general public are flying on commuters, and they are 
more apt to expect an airliner type of ride quality. To make their service 
attractive to this larger class of passengers, the commuter aircraft can now 
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Table 1 


Aircraft 


Aerospatiale (Nord) 

262 

ATR-42 

Ahrens AR404 

Antonov An-26 

Beech Aircraft Co. 

C-99 

1900 

British Aerospace 
Jetstream 31 

CASA C-2 12-200 

OeRavilland 

DHC-6 (Turin Otter) 
DHC-7 (Dash 7) 

DHC-8 (Dash 8) 

Dornier Commuter LTA 

Embraer EMB-120 

Pokker P.27-200 
P.27-500 
P.27-600 

Gulfstream American 61-C 

Saab-Pairchild SP-340 

Shorts 

330 

360 

Swearingen Metro II 

Cessna 402B 

Boeing 

727-200 

737-200 

757-200 
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Current and Future Commuter Characteristics 


Cruise Number of Max T/O 


Vel (mph) 

Alt (ft) 

Pass. 

Weight (lb) 

W/S 

AR 

233 


26-29 

23369 

39.5 

8.7 

319 

20000 

49 

324S0 

58.5 

12.4 

195 

5000 

30 

17500 

41.5 

10.3 

266 

19700 

39 (Mil) 

52950 

65.6 

11.4 

288 

10000 

15 

11300 

40.4 

7.6 

304 

10000 

19 

15245 

50.3 

9.8 

304 

15000 

18-19 

14100 

52.3 

12.0 

240 

10000 

26 

16093 

37.4 

9.0 

210 

10000 

13-18 

12500 

29.8 

10.1 

266 

10000 

50 

44000 

51.2 

10.1 

300 


32 




250 

9850 

24 

15102 

41.4 

9.4 

291 

20000 

30 

21164 

51.7 

10.3 

298 

20000 

52 

44996 

59.7 

12.0 

300 

20000 

60 

45000 

59.7 

12.0 

300 

20000 

44 

45000 

59.7 

12.0 

291 

25000 

37 

36000 

59.0 

10.1 

313 

15000 

34 

25000 

55.5 

11.0 

220 

10000 

30 

22600 

49.9 

12.3 

243 

10000 

36 

25700 

56.7 

12.3 

294 

10000 

20 

12500 

45.0 

7.7 

240 


6 

6300 

32.2 


614 

25000 

189 

209500 

127.0 

7.1 

568 

25000 

130 

117000 

119.4 

8.8 

494 

29000 

196 

230000 

115.3 

7.8 
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juatify the added cost of an economical roas vha 

advances In technology particularly ooti i ’ f * Ct ° r ia th ® ^°ent 

— — ; tlt ;: 1 * nd di,it>i h * raw - 

fetu.lc.Uy ,nd eoon~ic.ll, fea.lbL *" “ b ° t '’ 

" 9 * S - «"*»* f next generation ““ 

a 2 ___ : * aMl9B *• * nodlfled to include . rqas. 

— aWSL .USWEMT.TTOU ° V STEM rh-ovem., 

rundementet to any diecue.lon or reward, of boas l. . k , 

109 ° f * h * t * *8*3 1. end what it do... The „ AS , Z '»*«*"*■ 

•fothe. the eircreft rid. by M i„- ® ' "ronym implies, 

motion. introduced into the eircreft be ll °° ntroU *° C *"° va th « Perturbation 
*8*3 conelats of three .ubeyete^! ^ t “ rb ‘ 1 '“ M « The 

algorithm/!..; end (1) surfaoe . ot J°” 

corrective force, to th. eircr.ft , rigor. 4) . PP ' “* 

The design of a RQAS is dictated by the var^Ki 

disturbance and the mechanism ^ liable used to define the 

e nechanism used to apply corr«nf<„o , 

the aircraft. Two basic » n v forces and moments to 

two basic approaches have been utilized 

»ance (Figure 5) . ft. flr . t „thod, referred to * “* 

a van. mounted on . boom on the forward oart Z Sy * ta "' “•« 

aenae. the gu.t induced change * ZZ TJlTJ^T ^ 

wing. The .eoond method to quantify the diaturh * Wt * 

lOOP — • — • rehicle ..tlol v«il. ^“'acT^ “ “ * ^ 

an external varlebl. . ue h a. the gu« it.. If. rather than 

tiv, force, end moment. at^ n to U co«“l'trriT T” °° rra °" 

fan of both. Finally, .nether attitude or 9Wr * tor *»« “ * =°»l>in.- 

control .urf.ee. c U be either . xla ti„ . °° ntro1 ‘* UM<1 ' **• 

rudder) , or aaparate dediceted .urfacel ‘.“‘r'''* 1 *’'*' 01 '' ,U * r ”' fUp ' 

Mparat. .id. force generator). * “ v “ tor/all ' ,r °''/f lap/rudd.r, 

and the actuatll’ TZT, 7 “ lnterfa ° a bet ’ ree " th * ••»•!», .y,t« 

implementation deci.ion., end it providTth.’ ZTl " “* S “‘ ln9 “* 

sired dynamic response of the 
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“ U1 * y * t * B - contro1 <■» * 4«l9n.a for a, analog or digital 

implementation , or tor a pure mechanical system. 

I» summary, th. d.cl.lon. on eh. typ. of ..n.or, the control ...gorithm 

aa.lopm.nt, and th. attltud./diract fore control executed by althar exi.ting 

prlmary .urface, or ..par.t. dedicated aurfac ar. all int.rr.lafd, ttua, 

** UoUon «» component. of a R 9 AS must be mad. on the baai. of en 

entire eyatf. The variety of poe.lbilitle. are iUuetr.t.d later when past 
designs are reviewed e 

3,3 ANALYTICAL sys tem EVALUATION APPROACH 

» af ndard evaluation method mat be applied to all RQAS oonaidered in 
ord« to inaure a fair comp.ri.on of all ay. tarn,. Thi. atandard method meat 
include af ndard input., and a atandard quantitative vay of evaluating th. 
affect of the Pans. Therefore, the firet at.p i, thi. project was to examine 
the input, and output performance measures for use in Rons deaign. Jppendix A 
confine the d.tailed di.cua.ion of ride technology, including th. variou. 

type, of input, and output performance meaauree. The folloving provide, a 
summary of that information. 

The forcing function generating the requirement for a RQAS is the 
afoapheric turbulence. Various mathematical model, have been u.ad in th. 
analytical deaign of R8.S, each having apecific advantage, and difdvantagea. 
The varioua turbulence model, oonaidered for analytical use were, the .ingle 
diacrete 1-co. gnat, the Von tarfn pover apectral density (p SD ) model, the 
Oyrden PSD model, ad the aftiatical diacrete gust (SDG) model. The ,-co. 
gnat 1. moat applicable for analyei. of extreme cnaea. while the PSD model, 

«e mo f appropriaf for an analyai. over a significant rang, of input,. The 

SDO method ha. been used by th. Britiah in preliminary work, but ha. yet not 
been used in actual design efforts. 

In addition to defining a forcing function, a performance meaaure to 
compare RCAS la required, •.hi, eea.ur. ha. typically been some mea.urem.nt of 
the attenuation of the unwanted perturbation motion at ,p.clfio flight 
condition. and frequencies, m the early work, prior f th. 1970 there ... 
no quantitative ««.ur. of -rid. comfort,- and in fact thi. term had diff.r.nt 
mauling, f th. diff.r.nt rea.aroh.ra. in th. ,970-a a great deal of r.a.arch 
... directed toward keratin, a quantitative Rid. finality Index ,Rfil, which 
vould correlate well with the qualitative pas.engsr rating,. Thi. reaearoh 
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«« Erected at identifying the key notion variabla. „„„ 

Importance. » detailed review ie inciuded in . 

would be used ~ nd * x ** resulting RQI 

van « pare Unaugraented airor * f t to augmented aircraft and 

various Rgas deaisns to each other. ' 
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3.0 REVIEW or KIDS QUALITY ADWKNTATIOW RESEARCH AMD RELATED TECHNOLOGIES 

Ho determine the current state-of-the-art of ride improvement systems, a 
computerized and manual literature search, from 1951 to the present, was done 
using the following topicsAey words i ride quality for general aviation 
aircraft, ride quality, gust alleviators for general aviation aircraft, gust 
alleviators, ride comfort, ride quality, active controls, electric airplanes, 
and turbulence models. The total list of all documents reviewed during this 
literature search is included as Appendix B. Other sources of information 
were discussions with prominent researchers in the fields of ride comfort 
quantification, RQAS, and other related areas. Based upon this body of infor- 
mation, the research review was divided into three parts: RQAS research prior 

to 1970; RQAS design subsequent to 1970; and related technologies. The RQAS 
after 1970 were further subdivided into generic studies, specific aircraft 
designs, and flight tested systems . 

3.1 RQAS PRIOR TO 1970 

Efforts to perform ride smoothing on aircraft began as early as the 
1930 s [2, 3] . Some innovative and complex systems were tried during the 
early years. One of the earliest and most unusual efforts consisted of an 
aircraft with wings mounted to the fuselage by skewed hinges and pneumatic 
struts. The pneumatic struts acted much the same as the shock absorber on an 
automobile, that is, when unbalanced forces were encountered the pneumatic 
struts would permit the wing to skew, thus changing the angle of attack. The 
problem with this concept was that the basic lateral maneuvering was limited 
to very gradual movements in order to prevent the wings from skewing in 
opposition to the desired rolling moment. AnotMr of the early efforts was a 
very complex system designed in about 1938, but not test flown until the late 
1950’s and early 1960’s. This system used a very complicated system of 
separate surfaces controlled by cables and other mechanical means to relieve 
the unbalanced forces caused by the turbulent gusts. This particular system 
controlled both the vertical and lateral modes, and even with modern tech- 
nology would require a multitude of sensors and servomechanisms to implement. 
Its severe complexity caused this system to be discounted for any possible 
operational use after a few research/demonstration flights. 
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The British designed and conducted test flights of a rqas on the 

Lancaster bomber in the early 1950 'a. i»m« aua «.-_ . 

y s. This system consisted of an open loop 

*n» • of attack vane sensor that drove symmetric aileron deflections f or 

vortical ride smoothing only. Tha ayataa axhiblted amplified, rather than 

attenuated, vortical notion in aarly teat flights and ,o -a. abandoned. Mtar 

a atar detailed analytical review, tha failure of thi. ayataa blanad on 

incomplete «alyai. of tha ayataa’. pitching moment du. to aileron 

deflection, to their early effort., and to a certain extent in their current 

e orta, the Brltleh end other European, tend to favor the vane aeneor open 
loop systems* 

Numerous effort, by the NKVNASA and private companies were carried out 
in the O.S. between 1950-1961. The aoat significant of the., was for . 
vertical rid. anoothinj ayatma initiated in 1951 14) . Thi. RfiAS conaiated of 

*’“* “•*»<* «*«h direct lift control throu*, flap deflection and 

P oh control throng the elavator. 0,1. preliminary analytical atudy wa. 
followed by a flight teat on a C-4S. The C-4S wa. modified to provide 
dedicated «8AS control aurf.ee. (Figure 6) . fUght t „. t 

performed at a .ingle flight condition and resulted in a 40-50» attenuation of 
vertic* .coaler ,tion at .pacific frequenciea. Pilot opinion of the handling 
qualltl.. remained favorable. Furthar flight teat, added .laved aileron, to 
the direct lift flap, and a negative feedback in the flap C omm»d loop to 
permit trim changes, fm attenuation of 60« in the abort period frequency 
r »9. wa. attained. » clo.ed loop eyatem with a c-0 mounted acc.leroa«.r wa, 
alao teated, but with much leaa apectacular reaulta. 

From 1961 to the early 1970'a, very little work on RfiAS waa done in the 
• S. The work that wa. don. by other countrle. waa generally analytic [3J. 
a relative lack of activity by NASA and O.S. companle. during that period 

^.accounted ** * ““ *-* ot * ^ ~**«~«* for the application of a 

RQAS • 

3*2 RESEARCH FROM 1 97Q TO THE PRESENT 

RflAS research ha. been active during thi. period for two application., 

r * ft “ d " 1Ut “ sr •*”“**• potential uae of STOL aircraft for 

intracity tran.port.tlon caused «„ active interact in the early 1970’a. STOL 

* /era'* h<,d “ eVen d '“*tlc neM for RQAS 'a than modern commutar clas. 

aircraft due to their very low win, loading. When the STOi, aircraft did not 
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th. larg. ahara of th. Intraclty .arh.t .. .up..t.d in th , , 0 . <( ^ 
RQAS research was again deeraphasized. 

Throughout thl. pried th. r....rch tut. RQAS or gu.t alUvl.tl.n .y,t.„ 

hTuh 1 lnt * t9,t *° “* *«■ -d abroad, Th. 

high apa.d low l.w.1 P.n.tr.tlo„ ut..i 0 „ 0 ft.n flown by th. niltt.ry r«r,lr.. 

* U9 "* nt * tl0n ,r,tm *» «“•**•« pilot f.tlgua and to lag.ro,. th. 
».pon pUtfotu capability. Bowavor, tlM prbwry focus of tM . auba . ctlon 

Z lira": ° 3 “ — — - — - - ~r 

3,2,1 Analytic Studlaa-Paramatrle 

Thr- par ana trie da.lgn. haw bm aal.ct.d for dt.oua.lon In tht. 
subsection because they represent three f ***•*„+. 

. , ^ cnree different approaches to the design and 

t^l^ntatton of a Ws . *. flr>t . tttdy was ^ ^ 

generated for an advanced STOL confiauretinn rsi 

_ , , configuration [5] . The second was done by the 

rrr: ~ - ™ — . a*—** m . 

Th. third .tody was don. by Lockha.d-CA and «. on. of a fanily of 
studies done for NASA [8] . 

nornal^c T* ^ * 1 * t " p ~ er *' S STOt «“*port larger than th. 

0O ”" Ut,r - *“ **“«* *** —*W— *r a win, loading of 46 p.f, 

P *r n, * r ‘;, 750 "• M - r “ 9 ‘- ■ 2000 ** «*» ^ - * .rut., aach of 
Z rZ T T ° ,theTE fl *» *« longitudinal rid. soothing and 

th. rudd.r for l.t.r.l rid. nothing. Mn.ar, p. r turhatl.„, .i, 

d.gr..-of-fr..d M rigid body ^nation, of -=tio. war. u..d for th. aircraft 

model in the analysis. Random turbulence using the von r 

.. wo . , uslng the von Kerman spectrum and 

di.cr«to ,-oo. gu.t. war. uwd a. input, to th. aircraft ood.l. tar bu- 

nc. probability of .xcaad.nc. of .001 w„ ua.d, corrcpondln, to gu,t 

rrr,-!- 9 -> e. during approach to 5.0 fp. during crul M . 

c.P«bl. lavala of v.rtlc1 and l.t.r.l acc.l.r.tlon. war. at „d 

•055,.. r..p.otl„ly. ». control .1^.1. «r. baa.d on th. f.adb.ck of only 

ZZ ,,M,a *■ th * ^apartment. Th. 

1 hi T r t,r * 1 * C0,1 "* U ° n - e— ». and landing 

Z * 7 ' 9 “ a *• «9« «• •■»«. not to d.gr.da th. 

handling qualltl.a th. alrcr.ft (Fig. ,0, during crul.a „d Cent. 

* tK * * 0e * 1,r * ti0 "* *» «“»*» acc.pt.bl. Unit, for th. crul M .„d 
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descent modes. However, the RQAS could not be used during landing because of 
a degradation In the handling qualities. Some of the areas for future 
research specified were the need for gain scheduling, the accuracy of the 
rigid aircraft assumption, and non-linearities introduced in severe 
turbulence. The overall conclusion was that a STOL transport with the stated 
characteristics and a RQAS could provide satisfactory ride quality and 
competitive high-speed performance, although degradation of the handling 
qualities required further examination. 

The recent British efforts in the ride smoothing area have been para- 
metric studies directed toward fighter-type aircraft [6, 7] . Their appli- 
cation differs from a commuter RQAS in that they are more concerned in 
smoothing the ride in terms of a weapons platform. This requires that 
pitching motion in addition to accelerations be reduced. Reference 6 deals 
with only the vertical motion and proposed the use of direct lift flaps or 
ganged ailerons for loqplementation. This work examined the use of a closed 
loop acceleration feedback, an open loop angle of attack signal, and a 
combination of both. Both the Dryden and von Karman PSD and a statistical 
discrete gust method were used. The initial work concluded that active ride 
smoothing could not be done very well, because when the magnitude of the 
accelerations was reduced, the number of acceleration peaks (bumps) increased 
(at lower magnitude levels) . This was in contrast to the decrease in both 
magnitude and number of peaks caused by an increase in wing loading or a 
decrease in lift curve slope (Pig. 11). 

In their later work (71 , the British examined the importance of the 
frequency content of the gust response by including a crew sensitivity factor 
consisting of the human frequency response and a crew station load factor to 
better evaluate the gust effect on the crew (Pig. 12) . This design used both 
an unspecified device for direct lift control and the elevator for pitch 
control, a combination of gust vane and accelerometers were used as 
sensors . The British again pointed out the increase in sign reversal in the 
acceleration response, a phenomenon that they refer to as a "cobblestone 
ride." it was also hypothesised that in a flexible aircraft, this 
characteristic may indeed be enhanced. Finally, a concern was presented 
regarding the conflict between handling qualities and ride smoothing systems, 
in summation, the British have found that although the magnitudes of the gusts 
can be reduced using active control, an increase in the number of "bumps" 
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oooar, and that oara mat be uaad la implementing , r 9 *s whloh „ y prov , , 
detriment to handling qualities* 

The third parametric atudy don. by lookheed-CR under h«s* aponacrahlp 
t J. The configuration uaad was for 30-50 paaaangara, a orulae of each .5, 
and reversible fUght control.. the ngu dealgn for thl. atudy waa bea.d on a 
thr.e-4.gre.-,, -freedom longitudinal model and utiliaad th. Drydan apaotrum 
or th. system input. The control aignal ... impiamantad through trailing 

< " J3 ° 'J’* 1 ”' * polUr *' *“ 4 elevators. Pradlotiona ware made that thla ayatam 
COU glv. thl. advance) ehort haul tranaport rid. oharaetariatio. aimilar to 

9 ‘ r C '*“ r ° lal * lror *ft. However, no quantitative result. war. 

. documented. 

3,2,2 Analytic S tudies - Specific ALrox&ft 

riv. aircraft .pacific RfiAS d.algn. hav. bmn a.l.ct.d for raviaw and 
compariaon. ihi. broad ran*, of system. ... ..Luted l„ ora . r to „ t , 
repreaentativ. or... .action of all poaaibl. ..„.i„, impu.aat.tion 
achama. in ordar to bettor av.lu.ta their relative atr.ngth. and 
Them design, vary l„ application from a light personal aircraft (Can. 172) 
to « SST design. «... * 8 * 3 -. represent application, to linear and non- 
linear systems at flight apmde fro. very slow to auparaonic, with control 
systems ranging from simple reversible to complex active irrevar.ible, and 
e»U.d to both ^i rigid end large elastic aircraft. It... r iv . d.algn. 

Will be reviewed in chronological order of their application. 

fir,t a * 8i S" *“» ““ «as applied to the SST [9] and 1. th. most 
technologically advanced. Thi. design was for a digital impl.mnt.tlon on a 

iroreft that mat compromim batwaan handling qu.liti.a, stability 
augmentation, ride quality, and modal suppression. The R 8 M was limited to 
the vertical mode and used two body mountad accelarometara. » digital 
stochastic, model following control la. ... implemented throng only .levator 
control, Through appropriat. choice, of th. quadratic weighting metric., for 
• control, end the .tat. variable., th. aircraft response, were tailor.d to 

rr r“ U ° n 4,,lr,d 9041 rldo suppression, 

etc.). Th. concluaion ... that digital modern control technique, can design a 

o ned atabllity, control, and rid. .soothing system for a relatively 
complex aircraft model. 
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Prom the most complex design, the next to be reviewed is the simplest, 9 

This design was made for the Cessna 172 [10] and was a purely mechanical ^ 

system that required no electromechanical or hydraulic sensors, actuators, or 
control system. This RQAS was for the vertical mode only and was designed to 
use direct lift control through mechanical linkage to an auxiliary sensor 
wing/vane. The basic concept was very simil to the pivoting wing concept of 
the 1930's, except in this case the main wing did not move but rather the 
auxiliary wing moved under nonsteady loads. The auxiliary wing was connected 
to the flaps on the main wing through mechanical linkage. When a gust load 
hit the sensor wing, it deflected the flaps on the main wing so as to keep the 
non-equilibrium load due to the gust from causing unacceptable accelerations. 

The system was designed but never implemented due to the large weight penalty 
incurred* nils system had the advantage that it was purely mechanical. 

However, this system would have been very limited in application because of 
the inherent inflexibility of a mechanical system. 

The next design was created by Boeing-Wichita under NASA contract for the 
DeHavilland DHC-6 Twin Otter [11, 12], This design controlled both vertical 
and lateral ride smoothing through the use of direct lift generators and the 
rudder, respectively (Fig, 13, 14) , This system applied separate surfaces to 
implement the RQAS commands. The separate surfaces included the use of 
irreversible flight controls and electromechanical servos for the dedicated 
separate surfaces, and the reduced requirement for redundancy and reliability 
in the RQAS, This system was designed to use acceleration feedback to 
dedicated control surfaces and was based on linear, rigid, six degree-of- 
freedom equations of motion. The original program called for a joint u.s.- 
Canadian aircraft modification and flight test program. However, due to 
decreased enqohasis on STOL aircraft, this program was not continued past the 
analysis stage. 

The fourth design was made by the Northrop Corporation for the P-5 [13] , 
a small highly, maneuverable fighter used in a ground attack mode. This 
mission requires low level high speed flight, and thus the interest in a ride 
smoothing system. The Ride Improvement Mode System (RIMS), as Northrop called 
their RQAS, was designed to use the existing TE flap and actuator system for 
direct lift control to provide only vertical ride smoothing. A non-linear, 
longitudinal, three degree-of -freedom Continuous System Modeling Program 
( CSMP) was used to model the system. The worst possible flight condition. 
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M».9 at 500 ft, was chosen for the design. The Dyrden spectrum was used as 
the turbulence model, and a probability of exceedence of .01 defined the gust 
intensity. Although the P-5 is very different from a commuter aircraft, its 
wing loading is 57.5 psf. This similarity in wing loading makes the results 
of this study applicable to commuter aircraft. 

A baseline RIMS was designed and implemented on the Northrop Corpora- 
tion's Large Amplitude Plight Simulator (LAPS). A block diagram for the 
baseline and a lag/lead RIMS is shown in Figure 15. RMS accelerations were 
attenuated by 40-50% when using the baseline RIMS (Pig. 16) . lhe baseline 
RIMS left a large peak between 1-2 Hz, and a structural peak between 10-15 Hz, 
both of which caused concerns. A lag/lead compensator was then added to 
tailor the response to reduce these peaks, the result of which is shown in 
Figure 17. However, both RIMS versions caused drastic degradation in 
handling. Therefore, a Command Model Interconnect (CMI) (Fig. 18) had to be 
added to correct the handling qualities problem. The CMI fed the pilot's 
stick command forward through a lead/lag filter to the stabilator to 
compensate for the resistance encountered from the RIMS. This modification 
had virtually no impact on the performance of the RIMS but improved the 
handling qualities over the standard F-5 CAS (Fig. 19) . The conclusions of 
this study were that improved ride qualities were possible with relatively 
simple control law implementations, and that the degradation of handling 
qualities could be avoided with judicious selection of control loops and 
interconnects . 

Bie last design to be reviewed in this section was made by Cornier for 
application on a Do 28-TNT, a commuter class aircraft [14). The design was 
for vertical smoothing only and was based on linear two degree-of -freedom 
equations of motion. This design commanded Jiroct lift controls based upon a 
perturbation signal from a combination of vane angle of attack and accelera- 
tion feedback. This open and closed loop combination was used because the 
open loop method was too sensitive to error in the aircraft parameters, and 
the closed loop method caused problems with the frequencies near the structural 
modes. Pitch rate control was not used in order to retain adequate handling 
qualities. The comfort criteria chosen was based upon a linear combination of 
all the linear and angular motion variables. Although flight tests were 
programmed for the early 1980 's nothing has been found that contains any 
information on whether or not flight tests were ever done. 
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3*2.3 Flight Iteatad Systems 


Thr.. .y.t.n» either designed «p.=i(k.U, for ride smoothing or very 
closely routed to ride emoothing hove been flight tented, the fir.t of th.ee 
wee done by the FRL-KU under NASA sponsorship. lhie progrem wee directed 
epeoifloelly at the ua. of aeparate control aurfaeeo for atablllty augmenta- 
tion. The aacond program we. by the Calvar.lty of Virginia under NASA 
apon.or.hlp, and ... . RQAS demonstration program on the General purpose 
Airborne Simulator (GPAS). The third program to be diaouaaed 1. preaently in 
commercial aervlo. on the b-1011. !t al.o did not deal epeclflo.ll, with a 

SfiAS. but rather with the very cicely related topic, of Gnat load Alleviation 
(GLA) and Maneuvering Load Control (MLC). 

The f TO-ro separate surface. Stability Augmentation System (SSSAS) 
program Involve the d.elgn. Implementation, end flight teat of . sas ualn, 

small separate surfaces on the Beech 99 ris is ivi . . 

seven 99 iiDy 16 , ihe basic program goal 

vras to demonstrate the use of these separate non-primary control surfaces for 

the SAS function.. » SAS of thl. type would greatly reduce the requirement. 

for reliability and/or redundancy, the aeparate .urf.ee. for thl. program 

were generated by .putting the elating control aurf.ces of the Beech 99 

(Mg. 20). Thl. wa. feasible on this particular aircraft because it had an 

excess of control peer available. Standard technique, were used for control 

surface, suing, control derivative calculation, surface balancing, and 

flutter analysis. Classical control techniques were used to develop the 

analog control law. for the test conditions. The system was tested on both a 

sround based hardware simulator and flight simulator prior to flight tut. 

Ihs flight teat proved the feasibility of the separate control surface. 

concept. Although thl, program specifically demonstrated a separate surface 

SAB, these same separate surface, could ...11, be used for the RfiAS function 

y the proper adaptation of the control algorithm* 

The second RQAS design wa. test flown on a ..Search aircraft, the NASA 
PAS (a modified lockheed detstar C-140 light utility transport). This 
aircraft already had the necessary direct force generators with existing 
actuator, with adequate response.. The design of the USAS was don. by the 
University of Virginia under NASA sponsorship [3] . This Ride Smoothing System 
RSS. design controlled both the vertical and lateral motions through a closed 
loop system. *1. RSS used a combination of acceleration feedback and pitch 
attitude feedback in a pitch damper loop. The analytical calculations were 


16 


b "* a * rl9W ' U "*"> — « perturbation, at, degrea-of . „ 
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..lectin, tb. *“ prl "“ 1 ^ *"‘90 problem waa 
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i» simulation a d LT JT ^ ™ "" — « '« - 

ualn, tb. dtraot aldoftc ^.r.tr T“ “ ^ - 

rudder indented later,! 2 , ^ ^ *** ^ «“*• *• 

aideforce PSS was used for stnZtloTL 

for the two longitudinal designs are shown in vi r ««J?onse plots 

lateral KSS and the resulting!,"^ I 1^72 ^ ** ~ ~ 

comfort index shown below usin« ^ * figure 24. The ride 

was used to evaluate performance. ^ ^ V * rtlCal lateral accelerations. 
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with tb. PSS turned on^ ““ h * MU ” 9 
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..tl.fW pa.aengera fro. 67 % to as, oou id not b. k “ °* 

passenger erperlenoe. Three .uggeetlon. for foil 8 ^ tUt,,d * * ct “ l 
optimal control, (2) to Inva.tl ► folio* -on »ort «er. (1) to try 

sohedullng, «„d , , to ‘ th0r0 “’ hly th * "***—» *« Win 

[J ' to perform more flight tests. 
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Tha final system implemented in a existing aircraft w as dona by Lockheed 
to the L-1011 (18). This system is currently certified and in commercial 
service aboard some tr>1011's. Although not designed as a RQA8 (because the 
ride of the L-1011 does not require one), the Maneuver Load Control (mlc) and 
Oust toad Alleviation (GLA) systems have the same functional components as a 
RQAS, but perform a slightly different task. The objective of these systems 
is to keep the aircraft wings from bending either due to gusts (GLA) or during 
maneuvers (MLC). These systems were implemented on the L-1011 in order to 
extend the span without adding excessiva structural weight. The extension of 
the span increases the aerodynamic efficiency and therefore the range. Both 
these systems used acceleration feedback and separate surface controls and 
operate under much the same principle as a RQAS. The experience gained from 
these systems relative to reliability and acceptance should prove beneficial 
to an attempt to certify a commuter RQAS. 

3 *3 RELATED TECHNOLOGIES 

All but one of the RQAS research and designe reviewed in this study were 
designed utilising classical control design techniques (Root Locus and Bode 
analysis) and analog implementation. These were the current state-of-the-art 
at that time. The fact that these RQAS were test flown demonstrated the 
technical feasibility of these systems. However RQAS were never used 
operationally principally due to the difficulty of providing adequate RQAS 
performance over the entire mission profile, and to problems in the degrada- 
tion of handling qualities. The total mission performance problem could have 
been solved using gain scheduling, but gain scheduling is difficult to imple- 
ment with analog systems. Similarly, the handling degradation problem was 
solvable using classical analog control design techniques, but as a separate 
problem for each different flight condition. 

Just as th. alrlln. deregulation ot 1978 provided an Incraaaad nend (or 
ROM tor commuter aircraft, tha advancement In related technology ha. improvad 
th. overall faa.lbUity of th. ROM In terms of psrformsncs, reliability and 
coats, in particular, advances In modem control theory, aircraft parameter 
identification, and digital hardvar. now provide improved technical and 
economic feasibility of RQAS for commuter aircraft. 

Although modem control design techniques have existed since the early 
1960's, only recently have these techniques been demonstrated in flight 
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tests. The advances in modern control theory are most evident in the applica- 
tion to spacecraft and military aircraft, but these techniques have also been 
applied to lighter aircraft. Flight test programs have demonstrated an 
optimally designed, full state feedback-gain scheduled autopilot on the CH-47 
tandem rotor helicopter [19, 20], and a full state feedback fixed gain auto- 
pilot on the NAVICN general aviation aircraft [21]. More recent research [22] 
has projected that the optimal control design procedure can be modified for 
controllers using less than full state feedback. The use of limited state 
feedback combines the advantages of the multi-input/multi-output structure of 
optimal control with the reduced sensor and/or observer requirements desirable 
for commuter implementation. B»e utility of the optimum design procedure is 
that by adjusting the state or control weighting matrices, the response can be 
tttB®d in any manner desirable. For example, a trade-off can be made between 
ride quality and handling qualities by appropriately weighting the acceleration 
and pitch attitude states. A trade-off can also be made between the state 

response and the control activity by appropriately weighting the state and the 
control variables. 

Along with the increased use of modem control techniques, and partially 
motivated by the requirements associated with optimal control, the capability 
to more easily, quickly, and cheaply derive accurate aircraft models has been 
greatly improved. The FRL-KU has developed, under NASA sponsorship, a 
portable self-contained parameter identification package [23] . This package, 
with the associated computer programs, can provide accurate stability deriva- 
tives in a short time and for relatively low cost. -The existence of tools 
such as this, which provide the accurate aircraft model necessary for optimal 
designs, has greatly enhanced the capability to apply optimal full or limited 
state feedback to designs of systems (such as RQAS) for commuter aircraft. 

accompanying the advances in optimal design technology are the advances 
in the digital hardware needed to implement these advanced designs. Xhowledge 
of the rapid advances in microprocessor capabilities io wide spread. The 
exponential increase in the use of microcomputers in the laboratory, the 
office, and the home has given the development of new and more powerful micro- 
processors the impetus needed to really push the state-of-the-art. Capabili- 
ties have increased while costs have come down. For example, the Z-80 Central 
Processor Unit (CPU), since only 1980, has doubled the operating speed from 2 
MHz to 4MHz, while reducing the cost by almost two-thirds. The reduction in 
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CO. of »eaory and peripheral chip. 1. just a. arctic. hccompanying the 

.liability and maintainability of digital .guipment. oollta. ivionlo. 
roop of Haota.au Int.m.tlonai ha. turned to».rd digital radio, and avionic. 

thM “ «"*<>"•«» «• oo.l« to talk., faster and aaal.r to maintain, 
and are no. batter .upportad by ground ere., properly trained in digital 

Dl9l “ l * Ui31rat “ a ln »"0 «»Pl.y. have already b«, 

I t ^ •“> Olpltal primary 

flight control system. are currently b. ln , developed by th. osar. 

increased oapebllitle. and reliability, along .ith reduced co.t, offer 

FOt *« ial application on compter aircraft system. such a. the 

Th. advance. i„ sensors and actuator., although not na.rly .. drastic a. 

it*:::::; *• 41,11,1 *«• ***-« ** 

2 T t25J. gh. emphasis on electromechanical .ervo. ha. 

Tnl 'T“ r - “* 4 ** lr - “ “ U1 “ - — - static stability <«L, 

I'tr ,lt0r *' t ' ,UOh - ~ « - — to realise reduced La, 

pen. ttie. However, the advance, mad. could provid. benefit, to the design 

* T, ‘“teased po«r, and increased reliability 

and reduced cost. y 
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4.0 DISCUSSION JUfD RECOMMENDATIONS 


The most basic question in the area of RQAS is "Are RQAS needed for 

* lrcr * ft «****' <*> ***** that th. anawer to thl. nation 1. vary 

<ief lnltaly yaa. Fromlji.nt raaaarchera talt that tha answer to thia queatlon 
waa yaa aa aarly aa 1976, even prior to tha deregulation of tha aajor 
carrier.. ha stated In Raf [*], pa„.„,. r r lda cohort oan have a 
significant Influence in determining acceptance and uee of varloua modes of 
air tranaportatlon. Therefore, aa more and more of tha general public fly on 
coramiter cl... aircraft, making the rid. feel a. amooth and comfortable a. the 
larger commercial aircraft .auat assume a higher and higher priority, ha .hewn 
In Raf (271 , even the advanced design, do not exhibit nearly aa good a ride as 
the .slating oomerclal airliner. (Fig. 3). a, ,a». ride deficiency exists 
in the current commuter a, but to even a greater degree. 

Th. commuter ha. low win, loading, a high a.pect ratio un«»pt wing. It 
also ha. more landing, and take-off., and a lower cruise altitude, th. total 
reault of which 1. a ralatively bumpy ride. The commuter 1. definitely a good 
candidate for a RQAS, and the technical feaalblllty has been demonstrated by 
the reaearch already dona. The problam than 1. to dealgn and des*,„.tr.t. not 
only the technical aspect, of a RQkS, but alao to demonstrate th. economic 
feasibility. Th. ramainder of thia aectlon dl.cu.ae. th. reaearch development 
required to accoagillah these objectives, and propose, a preliminary RQAS for 
detailed design and development. 

4 * 1 RIDE QU ALITY RESEARCH AND DEVRT.nmtfiOT 

Having established both the need for a RQAS for commuter aircraft and the 
high probability of the technical feasibility of such a system, the question 
remains as to what else must be done before RQAS will be incorporated in 
future commuter designs. There are three ride quality research areas which 
warrant further investigation either prior to, or concurrent with, the 
detailed design of the preliminary rqas. These three areas are (1) 
fundamental research, (2) applied research, and (3) research toward 
development of an analysis, design and evaluation procedure. 
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4,1,1 Fundamental Rasaarnh 

Two basic research areas which require addition.! lnwe.tlq.tlon are 
separate eorf.ee control, and the RQX. Basic question, reqerdlng the use of 
aep^te eorf.ee. Include, what effect will the unsteady aerodynaale. 

<*> -Hat design procedure 

old be used for separate surface location and siring, and (3, what type of 
actuator power reliability and r.dundency requirement, should separate eurf.ee 
have, in tern, of the * 81 , an erten.lv. amount o, literature ha. concluded 
that. If RMS variables are u.ed In the model only, vertical and lateral 
acc.ler.Uon are naeded to provide good correlation between the qualitative 
and gcntltatlv. subjective transfer function. However, a basic que.tion 
still exists a. to Aether a straight RMS variable should be used in the *61 
qua on, or rather should some frequency weighUng be applied to the IMS 
v«Ubl. a. the British did with »uwn Frequency Bespona. plot ahown In Figure 
acme frequency weighting 1. applied to the RMS variables, then the 
correlation between the qualitative and quantitative subjecUve transfer 
unction must aim, be reexamined to determine if attitudes and rate, must be 
inuulted m th. *8! expression, one further aspect of the *81 that need, to be 
««UnU further 1. the different effects that up-and-down motion have on the 
passengers. Perhaps so« type of •average- acceleration biased in either the 
up-or-down direcuon would provide better correlation than an RMS value, 
see basic research questions are Independent of any *8AS design efforts. 

4,1,2 applied Research 

scheduli aSS ° Ciated With RQAS in general are the requirement for gain 

cheduling and the Mount of * 9 »S and structural interaction. The noad for 

ga n scheduling was mmtioned in several of the effort, revived, but no 

quantitative evidence supporting or denying this concern has been found. The 

12 HIT 11 " r*” 1 d * rlV4tl, “ *"* vary significantly 

, tyPlC * 1 00raat ” **• »•<* Tor q.in scheduling, but thi. 

rr nt U iT > .. applicable to 

T „ „ "" * ff,Ct ' b ° th *" th « strength and fatigue, 

2 the R8AS will have on the structure. More information on component and 

structural fatigue and «e tradeoff between * 8M performance and etructur. 
design is needed. 
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4#1.3 Development of Design analysis and Evaluation Tools 

This is the third area of research required, and it must be done prior to 
the detailed development of a specific RQAS. Although separate pieces of a 
design, analysis, and evaluation procedure exist, they have not been integrated 
into a single comprehensive packeqe* The basic elements of such a package are 
shown in figure 25* The actual control algorithm design, whether it be 
classical or optimal, is well understood and can readily be applied to a RQAS 
design. Tvo of the pieces of the analysis and evaluation procedure, that is 
the turbulence model and the RQI transfer functions (with the exception cited 
above), are also well understood. The weak link prior to the present time has 
been the lack of an accurate aircraft model for most of the existing commuter 
aircraft. This deficiency can now be easily and economically overcome by the 
use of the portable, inexpensive flight parametric package developed by the 
FRL-KU under NASA sponsorship. All the pieces exist and must now be integrated 
into a comprehensive design, analysis and evaluation procedure. The creation 
of this procedure should be the next step in the RQAS research process. 

4.2 RECOMMENDED RIDE QUALITY AUGMENTATION SYSTEM PRELIMINARY DESIGN 

Based upon the review of past research it is recommended that the RQAS 
shown in Table 2 be designed to verify the design and evaluation procedure. 

The detailed selection criteria are discussed below. 

Table 2. Preliminary RQAS Design Configuration 

• Longitudinal Axis to smooth Vertical Accelerations 

• Closed Loop Feedback Accelerometer Based System 

• Rigid Body Dynamics 

• Separate Surface Controls 

• Optimal Digital Oontrol with Gain Scheduling 

The selection between smoothing only the vertical motion or both the 
vertical and lateral motion is a tradeoff between need and complexity. As 
shown in Figures 7, 8 and 9, the lateral accelerations experienced are 
generally 50% or smaller than the vertical accelerations, so the need for 
lateral smoothing is not as great. However, the smaller acceleration 
magnitudes are somewhat counterbalanced by the increased sensitivity of 
passengers to the lateral accelerations. To further complicate matters, 
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convenient direct force control surfaces do not exist for the lateral mode as 
they do for the vertical mode. Of the designs that attempted to control the 
lateral mode , only one used the rudder for control and that was the L* 1011. 
That particular effort was aimed more at reducing the fuselage bending rather 
than to attenuate accelerations. Both the tihiversity of Virginia design, for 
implementation on the 6PAS [3], and Boeing design for the DHC-6 [11, 12] 
recommended that lateral ride smoothing be done using dedicated side force 
control surfaces. The University of Virginia examined the use of the rudder 
for lateral smoothing, but found it unacceptable. Overall, due to the diffi- 
culty involved and the questionable payoff, it is recommended that the normal 
commuter RQAS be designed to control only the vertical acceleration. 

The decision between open and closed loop control laws has been based on 
several considerations. The open loop is simpler and has been done more 
often, but it has some rather significant disadvantages. Although some of the 
early RQAS efforts, most notably the NACA 045 [4] , used a vane sensor success' 
fully, and the Dornier design plans to use a combination of vane and accel- 
erometer system [14] , the control algorithm for the vane system still has open 
loop characteristics. That causes it to be very sensitive to errors in the 
stability derivatives, the area which is currently the weak link in the 
analysis procedure. The open loop system could prove difficult to implement 
over the entire range of flight conditions (gain scheduling) . cn the other 
hand, most of the more recent work has been based on the closed loop 
approach. A closed loop system, implemented through a digital controller 
using optimal control techniques, would provide the most flexibility and the 
best means of the gain scheduling. Therefore, the recommendation of this 

study is to design commuter RQAS using a closed loop accelerometer based 
system. 

Even though a few of the designs reviewed used elastic aircraft equations 
of motion, it is the recommendation of this study to utilize the simpler rigid 
aircraft models in the analysis and design. The designs that used the elastic 
aircraft were for the SST, the L-1011, and the FS [9, 18 and 13 respectively]. 
The need for the elastic aircraft equations for the SST and the L-1011 is 
obvious, and the need for the more complicated analysis of the F-5 was caused 
by the extremely high dynamic pressures encountered at M-.9 at 500 ft. All of 
the other designs studied used the rigid aircraft models, and it is felt that 
for the normal commuter this is a valid approximation. 


24 


RQAS designs have been made using either the existing control surfaces or 
additional separate control surfaces* The use of separate surfaces on a 
commuter aircraft was demonstrated by the university of Kansas in the Beech 99 
SSSAS, and the concept of using separate surfaces for a RQAS was proven by the 
university of Virginia on the OP AS. mis method of mechanization for the RQAS 
has several advantages. One of the primary ones would be the lack of feedback 
to the control column of RQAS commands, as is inherent in the reversible 
control system autopilots used on commuters. Also, because this would not be 
a flight critical mode, the use of separate surfaces would permit electro- 
mechanical servos coupled to a digital controller, a reduction in reliability 
and redundancy requirements, and the later possible addition of advanced SAS 
and autopilot functions. As shown in the SSSAS program, when the augmentation 
system is properly designed, the primary controls can override the separate 
surfaces even in the case of a hard over failure. These characteristics would 
enhance the acceptance and certification of a RQAS. 

The final selection, the one between a classical analog or the more 
advanced digital controller implementation, is one of the keys to the feasi- 
bility of an advanced RQAS. As shown by the review of past work, RQAS have 
been designed and even flight tested prior to this project. Many of these 
efforts have demonstrated that the RQAS is technically feasible, and yet it 
has not been implemented. Many of these efforts have recommended that addi- 
tional work be done in the area of optimal designs and in gain scheduling, 
both of which are tasks that are difficult if not impossible to do with analog 
systems. The dramatic advances in microprocessors, in general, and in their 
use in digital aircraft systems, in particular, has opened the door to the 
possibility of digitizing commuter class aircraft. The accompanying advances 
in digital control systems design make the introduction of a digital system in 
a commuter in a non-flight critical area an attractive prospect at this 
time. The inclusion of a low cost microprocessor for the RQAS function might 
induce the use of digital systems for other functions such as autopilots, 
navigation, SAS, etc, in addition to the microprocessor's recent introduction 
in the area of digital displays. It is because of the attractiveness of these 
possible expansion areas, as well as the direct benefits to the RQAS that the 
selection of a digital controller is recommended for the commuter RQAS. 

Following detailed design, this RQAS should be implemented on a moving 
base simulator to provide validation of the design, analysis, and evaluation 
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INTRODUCTION 


APISH DB A 
RIDS TBCHNOMGY 


As discussed In the body of the report# the quality of the ride exper- 
ienced on a commuter aircraft is of an inferior nature when compared to the 
larger commercial airliners* In order to boost passenger acceptance of 
commuters# active RQAS can and should be implemented to reduce the levels of 
accelerations# or bumps# encountered by these aircraft* However# before 
designing such a system# both an analytical input (turbulence model)# and an 
analytical performance measure (quantitative ride quality index) must be 
selected to insure comparability of the various RQAS designs. This appendix 
examines the current state-of-the-art in basic ride quality technology and 
recommends an appropriate input and performance measure for use in the design 
phase* 

METHOD OP ANALYSIS 

A schematic of the analysis method (26 or 28) to assess ride quality is 
illustrated in Figure 26* In this section# the analysis method illustrated in 
Figure 27 will be used# since: 

a. other inputs to the subjective transfer function such as noise# 
temperature# seating# others will not enter our analysis: and 

b. the effects of cost# time# schedule# others on the subjective value 
function is really outside the scope of this study. 

It should also be noted that the aircraft forcing function would normally 
be of 3 types: 

a. Internal (e.g»# engines)# 

b» external (e.g. # atmospheric turbulence)# and 

c. human (e.g.# steering). 

In this report only atmospheric turbulence will be considered since we are 
interested in the design of Ride Quality Control Systems. 

THE AIRCRAFT FORCING FUNCTION# TRANSFER FUNCTION AND MOTION 

The aircraft input forcing function is atmospheric turbulence# which can 
be characterised as gusts in all six-degrees-of-freedom. However# since 
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b. Tha Rawer Spectral Penalty ( PSD) Concept! Von Karmen and Prvdan 
Description 

Thia concept tends to batter represent the conditions in which the 
extreme events are embedded rather than the events themselves. There are two 
descriptions to the PSD concept! 

1. The Von Karme n Spectral Formi 

This form is usually preferred since it matches closely actual measured 
spectra but has a disadvantage in that the analyses and computations 
associated with it are usually more difficult. The method of analysis 130, 
31] is as follows! 

The Von Karraan spectra are given asi 


♦ v w> 

9 


and 


2 \ 1 + | (1.339 L y 0) 2 

V " [l ♦ (1.339 L 0) 2 ] 11/6 

V 4 


(A. 2) 



(Q. - 'l 



1 ♦ | (1.339 L w a) 2 
[l + (1.339 L w a ) 2 ] 11/6 


(A.3) 


where! 

v g » - gust velocities in the Y and Z directions 
°v' °w “ 9 uat intensities 

a m the wave number or spatial frequency 
Iy, Zy ■ scales of turbulence 

Equations A. 2 and *>.3 are defined such that the mean square turbulence 
velocity 1 b given by integrating the power spectrum over all positive spatial 
frequencies (8) or the temporal frequency w( rad/sec) sensed by the aircraft. 
The temporal frequency is related to the spatial frequency by the true 
airspeed vt 

w " 0v ( A.4) 

Therefore, the spectral densities are transformed to functions of o> as 
follows! 


♦„<*" - i ♦„ «i - 
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and 


(A. 5) 
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The root-meAn-squara intanaity o w for clear air turbulence is defined in 

Ptgura 31 as a function of altitude. Using the relationship! 

2 2 
O o 

V w 

L 2/3 " 7173 (A.7) 

V w 

gives o y » 

The scales for clear air turbulence using the Von Karman form aret 
Above h - 2500 fti Ly - - 2500 ft. 

Below h - 2500 ft: hy m I84h 1/3 ft. (A#Q) 

1^ - h ft. 

For thunder storm turbulence, i.e*, for severe turbulence, the RMS 
intensities o y and are both equal to 21 FPS. The scales for thunderstorm 
turbulence (for altitudes below 40,000 ft.) are: 

!*-«*- 2500 ft ‘ ( A. 9 ) 

Since the outputs of interest for the comfort model to be used will be 
the RMS accelerations in the vertical and lateral directions, these can be 

obtained by integrating their power spectral densities over frequency space 
which are given byt 


and 


♦ («) 

A 

y 


a 

v 

9 1 


♦ v (w) 


(A. 10) 


<t» <w) 

A 
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♦ w («u) 


(A. 1 1) 


Here, 


v 

9 


and 


are the transfer functions for these accelerations 


relating them to the turbulence field and can be obtained using any standard 
text on aircraft stability and control (see for e.g. (30)). The RMS accelera- 
tions are simply the square root of the integral. 
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2. Itia Drydan Spectral Form: 

This form whan used gives results which do not closely match actual 
measured spectra but it has the advantage of being spectrally factorable 
thereby greatly simplifying the analyses and computations. Ref. 32 (synopsis 
in [33] ) shews that results using this form does not give to© good a 
prediction of comfort rating when compared to comfort rating obtained using 
actual measured motion (but note that deficiencies in the knowledge of the 
aircraft ' transfer function may have played a part). The method of analysis 
[30# 31] is as follows: 

The Dryden Spectra are given as: 


« 


v 
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(fl) - al 



i + 3(L y n) 2 

[i ♦ (L v n) 2 ] 2 


( A.12) 


and 


♦« «> 
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L, n.3 (V n* 

w ” [< * a w n> 2 ] 2 


(A. 13) 


The RMS intensity for clear air turbulence is again obtained from Figure 
31. Using the relationship: 



(A. 14) 


gives o y . 

The scales for clear air turbulence using the Dryden form are: 

Above h » 1750 ft.: - 1750 ft. 

Below h ■ 1750 ft.: = h ft. (A.15) 

\ - 145h 1/3 ft. 

For thunderstorm turbulence# the rms intensities a and o are both equal 

V w 

to 21 FPS. The scales for thunderstorm turbulence (for altitudes below 40#000 
ft.) are: 

" K: " 1750 ft. (A. 16) 

On following the analysis given in the Von Karman Spectral form# we 
finally get: 
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and 


ORIGINAL PA®® 
OF POOR QUALITY 


♦ a (w) ■ 
z 



(CD) 
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c * Statistical D iscrete Gust (SPG) Concept 

This concept has been developed by Jones [34] . the idea behind this 
concept is that a system designed to the isolated gust concept would not be 
satisfactory if subjected to the power spectral density concept and vice 
versa. Therefore, a unifying theory (i.e., the SDG concept) would resolve 
such matters, ihe SDG concept comprises a turbulence model in which families 
of discrete gusts are used to represent patches of continuous turbulence. 

Hare, the turbulence model takes the form of an aggregate of discrete ramp 
gust and the families of "equiprobable" ramp gusts follow a law v m ~ hV 3 as 
illustrated in Figure 32. Ihese statistical characteristics are consistent 
with the energy distribution defined in the Von Karman spectrum. Thus, it is 
possible to employ coordinated discrete-gust and power spectral turbulence 
models both related to a common turbulence reference intensity 5 which acts as 
an overall measure of atmospheric disturbances and for which probabilities of 
exceedance are available based on overall global statistics [34]. The 
relationship between the reference intensity 5 and the true RMS intensity a ± 

a component of turbulence with scale length I> is illustrated in terms of 
power spectra in Figure 33. From this figure: 

°i^ “ area under solid curve 
ff 2 * Area under deshed curve • 

Sl»c. turbul«nc« lntonslty is ott.n d.scrlbud qu.llt.tlv.ly .. light, mod.r.t. 
Mid mwi, such t«nu may be .pproxlmtuly r«l.t.d to specific v.luss of th« 
reference intensity according to: 

bight: Value of reference intensity ■ 3 pps 

Moderate: Value of reference intensity » 6 FPS 

Severe : Value of reference intensity » 12 FPS. 

ttiree concepts which can be used in modelling the turbulence have been 
presented. A suitable choice must now be found. Although the SDG concept may 
seem a good choice, the Von Karman description of the PSD concept is 
suggested. The main reasons for doing this are that: 
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1. The Von Karmen spectra most closely matches actual measured motion. 

2. Ref. 32 (synopsis In [33]) shows that results using the Dryden form 
do not correlate well with the comfort rating obtained using actual 
measured motion. Taking (1) into consideration# it can be seen that 
the results would have agreed better if the Von Karman spectra had 
been used. 

3. The SDG concept has not been used to a significant extent yet (such 
as the one described in (2)) and thus# it cannot be used with much 
confidence. 


If it is not feasible to use the Von Karman form# the Dryden description 
may then be used as the next best possible choice. 

THE SUBJECTIVE TRANSFER FUNCTION 

Using the method of analysis presented in the previous section, it is 
possible to deduce the RMS accelerations of interest to us. These RMS 
accelerations# when inserted into the equations given below (commonly referred 
to as Ride Comfort Models)# give values of the Ride Comfort Index C which can 
then be used to con^are all the different designs. These Ride Comfort indices 
are always given in terms of a rating scale employing descriptors ranging from 
"very comfortable" to "very uncomfortable" (see Table A.I) and are derived by 
trying to relate in the best possible manner (e.g. # by regression analysis) 
the actual measured motion experienced on the aircraft/simulator to the test 
subjects/passengers estimate of their own total comfort at the end of each 
evaluation period. 


Table A.I. Ride Comfort Rating Scales 
(a) 7 -point Rating Scale 


Very Comfortable 1 
Comfortable 2 
Somewhat Comfortable 3 
Neutral 4 
Somewhat uncomfortable 5 
Uncomfortable 6 
Very uncomfortable 7 


5-point Rating Scale 
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(b) 


Vary Comfortable 1 
Comfortable 2 
Neutral 3 
uncomfortable 4 
Very Uncomfortable 5 


Por ride comfort models, many options are generally available and 
therefore the best one has to be selected. The various models together with 
their drawbacks and advantages are: 

Model (a) 


C<5) - 1 ♦ ♦ ••00017«(lo, 10 S Mx ) 4 [(lo 9)0 i 1 | 4 - 

UO, 1oVm ,< ) <*•*• ’S' 


where t 

mm 

S max * “ axinua of component S t (the effective stimulus) 

S i " **® linotr acceleration (a^) or nos angular velocity ( 5 ^) 

m Threshold to random linear accelerations or random angular 
4 velocities 

*1 ■ Motion sensitivity coefficient. 

Oils is an unusual model based on the log of stimuli, stimuli being a 
function of RMS accelerations and angular velocities, some motion sensitivity 
coefficients and thresholds to random accelerations and angular velocities. 
This model is not recommended for use in Ride Quality Systems design since 
when it was used only once [36] the results obtained were completely different 
frcsi those obtained using other comfort models. 

Medal (b) 

C(3) -_1.8 ♦ 11.5 a f + 5.0 a y + 1.0 « x + 0.23 4 ♦ 

♦ 0.4 p ♦ 1.9 r (Ref. 37) 


This model is also suggested for use in [14] . This model when it was used 
[36] showed an excellent agreement with model (c), but since it is much more 
complex, it was rejected in favor of the simpler model (C)« 
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C(5) • 2 + 11.9 a + 7.6 a when a > 1.6 a 
a y a y 


(A.21) 


(accelerations encountered in commuter flights) 


and 


C(5) - 2 + a + 25.0 a when a < 1.6 a. 

a y a y 


(A.22) 


(Ref. 38) 


(from simulator data - Jetstar GPAS) 


This model was derived using data from in-flight B«~.-ples on regularly 
scheduled commercial flights in the north-east region of the United States 
(38, 39) * Three types of aircraft were involved — the Twin Otter, the Nord 262 
and the Volpar Beech 18. The Pearson correlation coefficient is 0.72 for this 
model. 

The observations made for model (b) applies here as well. Ref. 32 

(synopsis in [331) shows that computations based on the motion measurement 

♦ 

when inserted in model (c) showed a very good agreement when compared to the 
actual passenger response. These observations together with the observations 
made for model (d) (J5q. A.23) suggest that at this stage, model (c) is a very 
good choice to use. 

Model (d) 

C(7) - 1.65 + 8.32 a + 15.1 a + 21.5 a + 0.183 p - 1.20 q - 0.238 r 

x y — 

(Ref. 40) (A.23) 


This model was derived from data obtained using the U. S. Air Force Total 
In-Flight Simulator (TIPS) aircraft. In Ref. 40, it is shown that there is 
quite a good agreement with ride-comfort ratings predicted by model (c) and 
therefore this model is not suggested since it involveo 6 degrees-of-freedom 
and is not in as simple a form as model (c) . 


37 


Modal (•) 


ORIGINAL PAGE S3 
OF POOR QUALITY 


C(7) “ 2 * C mot( ion) * C no( ise) + C fe + C T (Raf * 26 or 28) (A * 24) 


where: 


C not m 18.9 Sj + 12.1 Sy when a^ > 1.6 a y 


or 


Snot “ 1 * 62 *- + 38.9 ® v w hen a < 1.6 a 
- 0.19 (dB(A) - 85) 

C£ ■ 0.005(h-90)6^ where: 6^ ■ 1 for fi > 90 m/min. 

» 0 for 6 < 90 m/min. 

Cg ■ 0.054 (T ~ 20.5)6 T where: • 1 for 2 + C mot + C no + > 3.4 

«_ » 0 for 2 + C . ♦ C_ ♦ C* < 3.4 

T not no h 

When a eosparison is made between this model and model (c) , we see that 
when the observations made in model (c) are taken into consideration rules out 
model (e) as a possible choice mainly because it is not in as simplified a 
form as model (c) and has not been verified by comparing it to the actual 
passenger response as done for model (c) • 

Model (f) 

C(10) - 2 + 18.9 a + 12.1 a (Ref. 27) (A.25) 

* y 

This model has been obtained from model (e) after assuming that the 

effects of C,|Q« 0^ and C T are negligible and by making use of a 10 point scale 

(C ■ 0: smooth ride, C • 10: unacceptable ride) » 

This model is not suggested for use when the observations made for model 
(c) are taken into consideration, the main reason being that the assumptions 
made for this model have not been verified by comparing the predicted comfort 
ratings with the actual passenger ratings, and therefore this model cannot be 
used with much confidence. 


Model (g) 


C<7) « 2 + 17.2 l z + 17.1 i y (Ref. 41) (A . 26) 

The Pearson correlation coefficient for this model is 0.75 and on the 
basis of this information we see that this model is preferred to model (c). 

The value of the Rsarson coefficient is better here since the model was 
obtained using more refined data than that used for model (c). These were 
141, 42] : 

1. Pour types of aircraft were used: the Twin Oi ter, the Nord 262, the 
Beech 99, and the Sikorsky S-61 helicopter whereas for model (c) the 
three types of aircraft used were the Twin Otter, the Nbrd 262, and 
the Volpar Beech 18. 

2. A revised questionnaire and 

3. New samples of passengers. 

The approach used was to assume a particular model and then see how well 
it does in describing the available data. Model (g) was developed using this 
approach. 

The correlations of values predicted by this model with comfort responses 
from the test subjects are presented below to see how well the model does in 
describing the data of these four aircraft: 

Nord 262: r - 0.63 (n - 134) 

Twin Otter: r » 0*80 (n « 263) 

Beech 99: r » 0.80 (n « 262) 

Airplanes Chly: r « 0.75 (n - 659) 

Sikorsky S-61: r * 0.49 (n » 69) 

All Aircraft: r * 0.74 (n » 728). 


From this we see that the model displays exceptionally good fit to the 
data from all aircraft together, all airplanes, the Beech alone and the TWin 
Otter alone. The Nord data fits less well but still the fit is acceptable. 
Only the S-61 data fails to conform well to the model, but this model is as 
good as one can get using all motion variables as shown below: 
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Nord 262* 


0.65 (n ■ 134) 


Twin Otter* r * 0.82 (n « 263) 

Beech 99* r » 0.83 (n » 262) 

All Airplanes* r ■ 0.76 (n « 659) 

Sikorsky S-61* r ■ 0.56 (n * 69) 

All Aircraft* r * 0.75 (n * 728). 

For all airplanes, we see that this model gives an excellent agreement 
when compared to the pearson correlation coefficient using all motion vari- 
ables which is only 1% better and hardly justifying the added complexity. 
Model (g) is. therefore, the best type to use now. 

After extensive NASA sponsored research, the authors of Ref. 41 suggest 
using this model in RQ analysis. The observations made in this section from 
model (a) to model (g) leads also to this conclusion. 


VALUE TRANSFER FUNCTION AND SATISFACTION DECISION 


Tb potential users of RQ criteria, the key factor is passenger satisfac- 
tion or desire to take another trip by this mode of transportation. The 
value-oriented variable chosen is therefore the percentage of passengers 
satisfied with the ride, i.e., the fraction of passengers who when queried at 
the conclusion of a flight said they would be willing to take another flight 
without any hesitation. Based on data from questionnaires completed by 
passengers on board regularly scheduled commercial flights [41, 42) the 
satisfaction relation shown graphically in Figure 34 was established. The 
heavy dots in Figure 34 represent data from the first flight program [38, 39] , 
i.e., of model (c) . Thus, it can be deduced that passengers in both flight 
programs relate the comfort scale to satisfaction in the same way. Also, the 
relationship between comfort and willingness to fly again is not only 
replicated, but tl*e meaningfulness of the scale labels is supported by this 
replication. 

The message to the airlines therefore is, if you wish to have a certain 
percentage of the passengers with no doubts about flying again, provide a 
flight which yields a comfort rating associated with this percentage. This in 
turn implies that the root-mean-square accelerations must not be allowed to 
exceed the values associated with this particular comfort rating. 
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The recommended approach t. to modal tha atmoapharlo turbulence with 
tha Von Kerman Spectra, which together with tha aircraft tranafar function 
would yield tha MS tranavaraa and vartioal linaar accelerations. Those 
aoo.lar.tion. can than be r.lntad to tha comfort rating, of tha paasangar, 
with the ride comfort rating model suggeeted below < 


C<7) « 2 + 17.2 a + 17.1 i 

Z y 

Thla Ride Comfort index can then be related to the percentage of 
paseengera satisfied with the ride. The RQX or the percentage of passengers 
satisfied with the ride can be compared to the unaugmented aircraft, the 
various RQAS designs, or to an aircraft such as the Boeing 737. ir this way, 
a relatively meaningful comparison can be made. 
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Figure !. - Basic Analytical System. 
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Figure 3. - Comparison of Comfort Rating for Various Airplane Types. 
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Figure 4. - RQAS Subsystems. 
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Figure 5. - Block Diagrams of Open and Closed RQAS, 
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Figure 9. - Passenger Ride Quality During Approach. 
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Figure IQ. - Longitudinal Handling Qualities. 
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Figure 12. - Effect of Crew Sensitivity Index on Ride Quality. 
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Figure 13. - ROAS Control Surfaces 


on the DHC-e study. 






Figure 14 a. - Block Diagnm of DHC-6 RQAS - Longitudinal Mode. 





Figure 14b - ' Block Diagram of DHC-6 RQAS- Lateral Mode. 
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figur. 16. - PSO Response of Basic Aircraft and Basaltne RIMS (F-5), 
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Figure 17. - PSO Response of Baseline and Filtered RIMS l F- 5 ). 





figure 18. - Block Diagram of RIMS with CMI ( F-5 ) 
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Figure 23. - PSO Response for RQAS II. 











Specifications 



RQAS Design and Evaluation Procedure. 







I i 

£ * 
> I m 


Figure 27. - Schematic for Determining Passenger Satisfaction 
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Rgure 30. - Magnitude of Discrete Gusts. 
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Figure 3L - intensity for Clear Air Turbulence. 






Figure 32. - Family of Equiprobable Ramp Gusts. 
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Flgurt 33. • Relationship Batmen PSD and Reference Intensity. 
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